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SUMMARY 


An analysis of tone noise propagating through a boundary layer and fuse- 
lage scattering effects has been derived. This analysis is three-dimensional 
and the complete wave field is solved by matching analytical expressions for 
the incident and scattered waves in the outer flow to a numerical solution in 
the boundary layer flow. 

The outer wave field is constructed analytically from an incident wave ap- 
propriate to the source and a scattered wave in the standard Hankel function 
form. For the incident wave, an existing frequency - domain propeller noise 
radiation theory is used. In the boundary layer region, the wave equation is 
solved by numerical methods. Over most of the range of axial wavenumber (2tt 
times reciprocal of wavelength in axial direction) this is done using standard 
numerical integration methods. For large positive wavenumbers, the wave equa- 
tion acquires a singularity. A Frobenius series expansion is used to repre- 
sent the solution in the vicinity of the singular point. 

The theoretical analysis is embodied in a computer program which allows 
the calculation of correction factors for the fuselage scattering and boundary 
layer refraction effects. This analysis allows the use of a boundary layer 
which is assumed uniform along the fuselage but otherwise arbitrary. The ef- 
fects are dependent on boundary layer profile, flight speed, and frequency. 
Corrections can be derived for any point on the fuselage, including those on 
the opposite side from the source. 

The theory was verified using limiting cases and by comparing calculations 
with available measurements from JetStar tests of model Prop— Fans. In the 
limiting cases, the large wavelength behavior was verified by calculating the 
effects for a very small diameter fuselage having a negligible boundary 
layer. The amplification was calculated to be less than 0.05 dB, indicating 
that a fuselage this small has negligible effect on the source field. For the 
small wavelength behavior, a fuselage diameter of 3.05 m (10 ft) was used, 
again with a negligible boundary layer. This showed an amplification of 6.0 
dB, which is the same as the pressure doubling on an infinite plane. 

For the JetStar model scale, the boundary layer refraction effects produce 
moderate fuselage pressure reinforcements aft of and near the plane of rota- 
tion and significant attenuation forward of the plane of rotation at high 
flight speeds. At lower flight speeds, the calculated boundary layer effects 
result in moderate amplification over the fuselage area of interest.. Apparent 
amplification forward of the plane of rotation is a result of effective 
changes in the source directivity due to boundary layer refraction effects. 

Full scale effects are calculated to be moderate, providing fuselage pres- 
sure amplification of about 5dB at the peak noise location. 

Evaluation using available noise measurements was made under high-speed, 
high-altitude flight conditions. Model Prop-Fan noise was measured using 
microphones flush-mounted in the fuselage and a "f ree-f ield" microphone boom 
installed above the Prop-Fan. 


Using the fuselage and boom microphone data, the source effects were elim- 
inated by comparing the measured and calculated boom versus fuselage effects. 
The agreement between measurements and calculations was good at high flight 
speeds, but poorer at low flight speeds. This was attributed to refraction 
effects causing an apparent change in the source directivity. Because the 
source is modeled as a single monopole, it exhibits a sharp directivity. It 
is conjectured that a better source representation, including chordwise and 
spanwise distribution, would "soften” the directivity and improve the agree- 
ment with test results. 

Comparisons of calculations made of free-field noise, using a current fre- 
quency-domain propeller noise prediction method, and fuselage effects using 
this new procedure show good agreement with fuselage measurements over a wide 
range of flight speeds and frequencies. 

Correction factors for the JetStar measurements made on the fuselage are 
provided in an Appendix. 
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INTRODUCTION 


The advanced turboprop (Prop-Fan) has been in technology development since 
1976 as a fuel-efficient propulsor for the 1990's. As part of the development 
program, a free-field noise theory 1 based on the acoustic analogy was de- 
veloped and found to agree well with 1977 test results from an open jet wind 
tunnel. 2 In 1981, a Prop-Fan model was installed on a business aircraft as 
shown in Figure 1 for flight noise tests. Microphones were mounted flush with 
the fuselage surface in axial and circumferential arrays as shown in Figure 
2. Because of the small wavelength of the sound and the large fuselage dia- 
meter, it was expected that the free space sound levels directly beneath the 
propeller would be roughly doubled by reflection. However, it was found in 
early tests that free-space theory, with the 6dB correction for pressure doub- 
ling, overpredicted measurements by lOdB or more under some conditions. 

After investigating several possible explanations for this over-predic- 
tion, a simple analysis of the effect of the fuselage boundary layer on incom- 
ing acoustic waves 3 was developed that showed a powerful shielding effect at 
the high flight Mach number (Mx = 0.8) of the test. The early analysis was 
2-dimensional and treated plane waves impinging on a boundary layer over a 
rigid plane surface. Results for both step and linear boundary layer profiles 
were given. McAninch, whose analysis'* included the refinements of a near 
field source and a curved boundary layer profile, also concluded that signifi- 
cant shielding could occur. 

Although these earlier analyses indicated that the fuselage boundary layer 
effects could be significant, these analyses are not considered sufficiently 
accurate for prediction of the effects and do not allow the existing JetStar 
data to be reliably corrected to free-space levels. 

In order to allow the existing data to be used and to evaluate the boun- 
dary layer propagation effects for other configurations, especially those ap- 
proaching full-scale in size, the original theory 3 was extended. The exten- 
sions include the effects of 3-dimensionality; a near-field, distributed, 
rotating source; and an arbitrary boundary layer profile using the geometry 
sketched in Figure 3. The fuselage is modeled as an infinitely long, rigid, 
circular cylinder with a boundary layer whose properties are constant along 
its length and circumference. 

This work culminated in a computer program which can be used to calculate 
the boundary layer propagation and fuselage scattering effects on propeller 
and Prop-Fan noise amplitude. These are intended to be used in conjunction 
with current noise calculation methods, such as the Unified Aero-Acoustics 
Program (UAAP), which provide free-field noise estimates. Boundary layer pro- 
pagation and fuselage scattering effects need to be added to free-field noise 
estimates for comparison with measurements using transducers flush-mounted on 
airplane fuselages, as for the NASA SR3/JetStar and SR7/Prop-Fan Test Assess- 
ment flight test programs. 

The work reported in this document was originally funded by NASA-Ames 
under contract NAS2- 1 1385 . 
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THEORETICAL METHOD DEVELOPMENT 


Approach 

The problem described above will be solved by dividing the flow field into 
a boundary layer region and an outer region assumed to be free of shear. 

Waves in these two regions will be matched at the boundary layer edge. Fol- 
lowing methods given by Morse s , the outer wave field is constructed analy- 
tically from an incident wave appropriate to the source and a scattered wave 
in the standard Hankel function form. For the incident wave, a frequency-do- 
main propeller radiation theory already exists 1 that is ideally suited to 
this analysis: its analytical form is in terms of the same Fourier components 

that occur naturally in the scattered wave and boundary layer wave descrip- 
tions so that matching the fields is easily accomplished. 

In the boundary layer region, the wave equation must be solved by numer- 
ical methods because of the shear term. Over most of the axial wavenunber 
range, this is easily accomplished with standard numerical integration 
methods. However, for large positive wavenumbers, the wave equation acquires 
a singular point and special methods are required. Treatment of this singular 
point for the corresponding incompressible equation has received considerable 
attention in the past by Tollmien 6 , Lin 7 , and Wasow 8 in conjunction with 
boundary layer instability theory. In more recent times Tam and Morris 9 
have addressed the full compressible equation in the analysis of radiation 
from shear layer instability waves and pointed out that a Frobenius series can 
be used in the vicinity of the singular point. All these investigators con- 
cluded that when the problem is imbedded in the complex plane, the singular 
point must be spanned by passing beneath it. Treatment of the singular point 
herein is in accord with the above references. 


To establish the general form of waves in axisymmetric shear flow, con- 
sider the fuselage-centered coordinates in Figure 4, with positive x mea- 
sured downstream from the propeller plane of rotation. If the undisturbed 
velocity U is parallel to the x axis and is a function of r only, then 
the acoustic pressure outside the source region is given by Goldstein's 10 
Equation 1.2.2 . 




I 
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where primes denote 


3/3r and the convective derivative is: 
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It is easily demonstrated that Equation 1 admits elementary solutions in 
cylindrical coordinates of the form: 


P(r) 



e -iwt 


(3) 


Since we are considering sound from a propeller with B blades and angular 
speed ft, the frequency of the m^ harmonic is given by w = mBft and 
solutions at this frequency can be constructed from linear combinations of 
Equation 3 in the following general form. 


ik x 

P = J f 00 F (k ) P(r) e x dk (4) 

L j — n x x 

n=-oo 

where the coefficients F n are to be found. 

The equation for the radial part of the solution, P(r),can be found by substi- 
tuting Equation 3 into Equation 1 with the Laplacian 



1 l 
r 3r 



. 1 3 

+ “2T1 

r 3<() 
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The result, with M = U/c is: 


(Mk -k) (p"+ p') - 2k mV + (Mk -k) 

X i A A 


(Mk x -k)' 



P = 0 (6) 


where k = u)/c 0 . At this point we change notation and consider pressure to 
be normalized by p 0 c 0 2 . Also, wavenumbers k and k x and distances 
are referred to the boundary layer thickness 6. 

Computation of the Wave Field Outside the Boundary Layer 

In the outer region the Mach number M is constant at the flight speed 
value M x so that M* = 0 and Equation 6 reduces to: 


If 

P 


+ — P + 


( M x ^ - k > 2 



P = 0 


(7) 


This is Bessel's equation with solutions J n (k r r) and Y n (k r r) where 
the radial wave number is: 


k 


r 


i 

V 


<Vx 
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The combination of and Y n corresponding to outgoing waves is the Hankel 
function: 


H (1) = J + i Y 
n n n 


Thus, the scattered wave is given by 


( 9 ) 


_ -imBftt 
p = e 


l 

n=-® 


e ln * 



E l C n (k x> * 1D n (k x>l H n“ (k r r) dk : 


where the coefficients C n +iD n will be determined when the wave fields in- 
side and outside the boundary layer are matched. The constant E = 

BryVii has been extracted for later convenience. 


For the incident wave, a solution in the form of Equation 4 is easily 
adapted from an earlier paper by Hanson 1 . In Reference 1, formulas were 
derived for near-field noise of propellers in forward flight. The theory 
which treats steady monopole, dipole and quadrupole sources convected along 
helicoidal paths via the acoustic analogy, has been used routinely at 
Hamilton Standard since 1977 for propeller and Prop-Fan noise predictions. 
For economy of space, only the formula for monopole (thickness) noise is 
given here. However, with the information given, the solution for the other 
sources could be written down immediately. 


M x> 

by 


For an observer translating with the propeller at flight Mach number 
the pressure in the m'-" harmonic of blade passing frequency is given 


imB(<t> -£2t) 
p. = -iE e 




(M k -k) 2 ¥*(k ) 
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and, as in Reference 1, B is the number of blades, Bp is the chord to dia- 
meter ratio, t b is the thickness to chord ratio, and ¥ v is the chordwise 
spatial Fourier transform of the airfoil section thickness distribution. 

<j) S is the phase lag due to sweeping a blade section back along the advance 
helix by an amount MCA. To establish Equation 11 from Reference 1, a change 
in notation was made: the k of Reference 1 was changed to -(M x k x -k)/k in 

the present notation and k x is now the wavenumber of the sound f ield in the 
flight direction. In Reference 1, k x was the chordwise source wave number, 
a role presently filled by k 0 . 


In Equation 11, the coordinate system is centered in the propeller axis. 
The observer is located at r^, $ 1 , x. But since the matching process is 
to be applied at the edge of the fuselage boundary layer, the coordinate sys- 
tem for Equation 11 must be shifted from the propeller axis to the fuselage 
axis as shown in Figure 4. A Bessel function identity suited for this is 
given in Reference 11: 


im<t> (1) 


( 1 ) 


H (k r.v _ z H (kr..) e 

mB r 1; - n=— MB+n r LL n r 


irxj) 


(14) 


When substituted into Equation 11, this gives 


p i = e 


-imBftt 


I e 

n=-oo 


ir\j) 


/** p. 
j — it n 


ik„x 


(r) e 


dk 


(15) 


where the radial dependence is given by: 


P i,n (r) * E (M x k x- k)2 J n (k r r> [W k x> * 1 Hnn k x] (16) 


and 


(1) /*1 9 i<|> * 

W k x> * 1 °mn' k x> =- iH mB+n (k r r CL>_/ 0 B D ‘b e *v ^ W*’ dZ o (17) 


Note in Equation 17, that the integral contains all the source information. 

In Equations 15, 16 and 17, the incident pressure field has been decom- 
posed into time, angle, and axial distance Fourier components. This has been 
done analytically by virtue of working in the frequency domain. In a time do- 
main source description, this 3-fold Fourier decomposition would have to be 
done numerically. 
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Computation of the Wave Field Inside the Boundary Layer 

Pressure waves in the boundary layer are solutions to Equation 6 subject 
to the appropriate boundary condition at the fuselage surface. Equation 6 is 
somewhat simplified here by dropping the P'/r term leaving 

(Mk x -k)P M - 2kMV + (Mk x -k) [(Mk x -k) 2 - (k x 2 + k y 2 )] P = 0 (18) 

where for n/r we have written: 

k y = n/r (19) 

where r is the distance from the fuselage center to the middle of the boundary 
layer. This approximation is based on the fact that the fuselage radius is 
much larger than the boundary layer thickness. Thus, the boundary layer re- 
gion will be solved on a plane in Cartesian coordinates and then "wrapped 
around" the fuselage. Periodicity in <f> is guaranteed by requiring that 
n be an integer. This approximation could easily be eliminated but it 
doesn't seem worthwhile at this point considering that the assumptions of a 
uniform boundary layer and a circular section fuselage are also approximate in 
most cases. 

To solve Equation 18, we shift the origin of the radial coordinate to the 
fuselage: 


r = Tf + z (20) 

so that the normal coordinate in the boundary layer is z, which runs from 0 at 
the fuselage to 1 at the boundary layer edge. Over most of the range of in- 
terest in k x , Equation 18 is integrated by a standard Runge-Kutta method. 
However, for k x > k/M x , the factor Mk x - k goes to zero for some value 
of z between 0 and 1. This point, z s , is a singular point of Equation 18 
and requires special treatment. The method used here is to apply the Runge- 
Kutta integration from z = 0 to within a few mesh points of z s where it is 
matched to a series solution about z s . The series solution spans the sing- 
ular point a few mesh points beyond z s where the Runge-Kutta integration is 
continued to z = 1. 

For the series about z s , we use the method of Frobenius 12 as suggested 
by Tam and Morris 9 . This is straightforward to apply and yields an indicial 
equation with roots equal to 0 and 3 so the two linearly independent series 
solutions are : 

P« = (z - z ) 3 1 + a,(z - z ) + a 0 (z - z e ) 2 + .... (21) 

A S 1 S 2 S 

P R = 1 + b.(z - z ) + b_(z - z ) 2 + .... + C P. ln(z - z ) 

B 1 S Z S A S 
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With two series, the numerical result can be matched for P and P* . The 
coefficients a n , b n and C depend on the Mach number profile in the boun- 
dary layer and can be found by substitution into Equation 18. 

When the series in Equations 21 and 22 are matched to the numerical result 
on the fuselage side of the singular point (z < z s ), a decision must be made 
regarding branches of the log function. This issue has been discussed exten- 
sively in the literature in conjunction with studies of boundary layer insta- 
bility using the 2D incompressible version of Equation 18. The early work by 
Tollmien, Lin 7 , Wasow 8 is summarized by Schlichting 1 3 

where it is shown that the branch of the logarithm must be taken such that 
In (z - z s ) = In I z — z s I — ifi for z < z s . This was proved by examina- 
tion of a more complete fourth order differential equation for the flow that, 
because it includes viscosity, is not singular at z s . Tam and Morris 9 , in 
their work on sound from compressible shear layer instability waves, arrived 
at the same conclusion using different methods. They showed that the singular 
point may be spanned by embedding the problem in the complex plane and passing 
beneath z s . 

With respect to the form that waves may take in the vicinity of the criti- 
cal layer (z = z s ), the Tam and Morris 9 analysis and the present analysis 
are dealing with different aspects of the same physical problem. Hence, we 
follow their precedent and use ln(z - z s ) = In |z - z s I -in for z < z s - 


For conditions with or without a singular point unit solutions, 

P n (k x ,z) , to Equation 18 for any k x and n are obtained by integrating 
from z = 0 to 1 starting with the boundary conditions: 

? n (l V 0)=1 : K (k X - 0) = ° 

The general solution in the boundary layer region is then: 


| e 1 "* fl. [« n 'V * iB n (k x )]p n (k x ,z) dk x 

n=-a> 

where A n (k x ) and B n (k x ) are to be found by matching to the outer 
field. 


(24) 
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Matching of Equations at the Boundary Layer Edge 

We now have expressions for the wave field outside the boundary layer, 

P s + Pj from Equations 10 and 15, and for the boundary layer wavefield 
Pbl f rom Equation 24. These have to be matched at the boundary layer edge 
r = r£ for all x,<t>, and t. Here the matching is achieved equivalently in 
the frequency /wavenumber domain for all k x , n, and m. Thus, the matching 
equations for pressure and its derivative are: 

E [(M x k x - k) 2 J n (kr r E)(Gmn + IQmn) + (C n + 1D n ) H n (1) (k r r E )| = (A n + iB n )P n (k x> l ) 
Ek r |(M x k x - k ) 2 Jn ' (^r r E )(^mn + ^Omn) + (Cn + iD n )H n ' ^ Uk r r E ) j = (A n + iB n )P n 1 (k x J ) 

The real and imaginary parts of these equations yield four equations that 
can be solved for A n , B n , C n and D n , giving the entire wave field. In 
particular. Equation 24 gives the pressure on the fuselage surface (z * 0) 
with P n ( k x , 0 ) = 1 . 


Amplification Plots 


The theory derived above provides means of predicting the absolute ampli- 
tude and phase of propeller noise on a fuselage surface with a boundary 
layer. However, since the purposes of this study are to investigate the ef- 
fects of the fuselage and boundary layer and to provide corrections to free- 
space levels, most results are presented as amplifications. Thus, 6dB would 
represent the usual doubling effect of a hard wall; lower amplifications indi- 
cate boundary layer shielding or fuselage shadowing. 


Amplification is defined as the ratio in dB between the acoustic pressure 
with fuselage and boundary layer, to the acoustic pressure at the same loca- 
tion in space but without the fuselage and boundary layer. Thus, 


Amplification = 20 log-jQ 


^BL* RMS 

wrrmr 


dB 


(27) 


where both pressures are computed at r s rf and are functions of x and $. 

In order to study fuselage effects without confusion due to chordwise and 
spanwise interference within the propeller source, the blades were replaced by 
point sources at 80% of the blade radius. The chordwise thickness distribu- 
tion is compressed to a point by using the chordwise transform for zero chord: 


y(k 0 ) = y(O) (28) 

A plot of amplification as a function of x and $ for conditions typical 
of the JetStar/Prop Fan model flight tests is shown in Figure 5 . 

Behind the plane of rotation, the combination of boundary layer attenuation 
and finite fuselage diameter results in an amplification of about 4dB 
(slightly less than the 6dB expected for full pressure doubling). At the for- 
ward location, significant attenuation appears due to the boundary layer re- 
fraction effects. Transverse to the airplane axis it can be seen in Figure 5 
that the peak amplification occurs at about -10 degrees. This is a function 
of the direction of rotation of the Prop-Fan and is due to the source direct- 
ivity. As would be expected, the amplification falls off on either side of 
the centerline because of grazing incidence. 
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THEORY VERIFICATION 


Although the amplification curves presented above exhibit the general be- 
havior expected from previous experience with respect to shielding and shadow- 
ing effects, the theory was verified further in the numerical experiment des- 
cribed below. 

First the scattering theory was checked by running some limiting cases 
with an infinitesimally thin boundary layer. The large wavelength behavior of 
the theory was verified by running a JetStar case with the fuselage diameter 
reduced to 0.03 mm (0.0001 ft). The resulting amplification was less than .05 
dB, indicating that a fuselage this small has negligible effect on the source 
field. In order to check the small wavelength behavior of the theory, a fuse- 
lage diameter of 3.05 m (10 ft) was used. This produced an amplification of 
6.0 dB. This is the same as the pressure doubling on an infinite plane, again 
verifying correct behavior. To check behavior at intermediate wavelength, 
comparisons were made with published curves for plane waves impinging on 
cylinders with no flow. 14 When plane waves were simulated by moving the 
source far from the fuselage, the predicted surface pressures matched those of 
Reference 14. 


Propagation within the boundary layer was checked by reproducing 
McAninch's 20 amplitude results 4 for individual frequencies and wavenum- 
bers. This was done by integrating Equation 18 with ky = 0. The comparison 
with McAninch is shown in Figure 6 for a typical case. The curves represent 
amplification according to 


AdB = 20 logio 


(P ) 
^_BL_RMS 

(Pe) RMS 


(29) 


where Pbl is pressure on the surface under the boundary layer and P^ is 
the pressure in the incident wave measured at the boundary layer edge. 

As a final check of the theory, the equivalence of Equation 11 and Equa- 
tions 15-17 was verified. These are source noise formulas expressed in source 
coordinates and in fuselage coordinates respectively. Although the expression 
in fuselage coordinates is considerable more complicated, values for the free 
space levels calculated using Equations 15-17 typically agree within less than 
0.1 dB with those calculated using Equation 11. 
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THEORETICAL TRENDS 


Parameter Dependence 

The present theory allows the calculation of fuselage scattering and boun- 
dary layer refraction effects. These effects depend on many parameters such 
as: boundary layer profile, boundary layer thickness, flight speed, fre- 

quency, fuselage diameter, and incidence angle. Currently, the analysis is 
configured to provide amplitude correction factors between free-space sound 
pressure levels and those at the fuselage surface. In the implementation of 
the calculation procedure, fuselage locations are specified relative to the 
Prop-Fan plane-of -rotation. Also, because the present theory includes fuse- 
lage scattering effects, it is possible to predict the variation of noise cir- 
cumferentially around the fuselage. 

Fuselage Scattering Effects 

Figure 7 shows the calculated correction factor as a function of angle 
around a fuselage. This calculation was done assuming a negligible boundary 
layer for a flight Mach number of 0.8. Although the geometry used for this 
example is that of a Prop-Fan model test, it illustrates the scattering ef- 
fects. Comparable results would be expected in full-scale. As can be seen, 
the calculated effects are similar for the three axial positions. Near 0 de- 
grees, the fuselage produces full pressure doubling. At positions around the 
fuselage, the pressure reinforcing effects decrease and beyond about 50 de- 
grees a shadow zone begins. On the opposite side of the fuselage, near 180 
degrees, a strong shadow zone may be seen. As expected, the shadow zone is 
stronger for 3XBPF than for BPF, as the wavelength is shorter for the higher 
frequency. Also, the 6dB plateau is wider for the higher harmonic. Finally, 
it may be noted that the pattern is not centered on 0 degrees, but appears 
shifted by about 15 degrees. This is a result of the Prop-Fan direction of 
rotation, as was also seen in Figure 5. 

In general, the scattering effects show some degree of pressure reinforce- 
ment near the point of closest approach of the Prop-Fan and a shadow zone on 
the far-side of the fuselage. The amount of pressure reinforcement is depen- 
dent on the size of the fuselage relative to the wavelength of the incoming 
sound waves, as is the depth of the shadow zone. Figure 7 shows typical re- 
sults. It was previously shown that a very small fuselage gave essentially no 
scattering effects, while a large fuselage produced full pressure doubling. 

Effect of Boundary Layer Profile 

The amount of boundary layer refraction effect is dependent on the shape 
of the velocity profile within the boundary layer. To evaluate this depen- 
dence, calculations were done for representative configurations using several 
boundary layer profiles. For this study, four profiles were evaluated. The 
profiles are shown in Figure 8 in JetStar scale. The linear profile is the 
simplest and has no higher derivatives within the boundary layer. The slope, 
M', in Equation 18 is constant. The 1/7 power law curve is representative 
of a classic turbulent boundary layer. The 1/3 power law was used to illus- 
trate the dependence of the velocity gradient within the boundary layer. The 


12 



1/3 power law profile also effectively results in a thicker boundary layer. 
These three profiles are used with a boundary layer thickness of 0.13 m (0.42 
ft), which is approximately what would be expected on a flat plate. Also, the 
boundary layer measurements made on the JetStar, shown in Figure 9, show this 
to be a reasonable boundary layer thickness. It should be noted, however, in 
Figure 9 that the velocity reached at about 0.14 m (0.46 ft) is only 96% of 
the edge velocity. The flow velocity then decreases followed by a second re- 
versal in slope. For these measurements, the edge velocity was measured at 
the Prop-Fan centerline. Although this would place the boundary layer edge at 
the Prop-Fan center, the present boundary layer analysis is based on the 
source being totally outside of the boundary layer. Thus, for these evalua- 
tions, the boundary layer edge was assumed to be just beyond the Prop-Fan 
blade tips, at 0.48 m (1.58 ft) from the fuselage surface. The boundary layer 
profile labeled ’’JetStar" in Figure 8 is thus based on a linear interpolation 
of the JetStar measurements to 0.20 m (0.67 ft), then extrapolated to an edge 
assumed to be 0.48 m (1.58 ft) from the fuselage. As may be noted in Figure 8 
the JetStar profile is very simular to the classic 1/7 power law profile to 
about 0.08 m (0.25 ft) from the surface. Beyond 0.13 m (0.42 ft) the 
"JetStar" profile has only gentle gradients and would not be expected to give 
results much different from the 0.13 m (0.42 ft) thick boundary layers. 

Figure 10 shows the calculated boundary layer effects on model Prop-Fan 
noise based on the four profiles described in Figure 8. As may be seen, the 
linear boundary layer profile has the greatest effect, showing significant at- 
tenuation over the entire range of axial positions. The JetStar and 1/7 power 
law profiles show generally similar results, with the JetStar having slightly 
more effect from 0.46 m (1.5 ft) aft to 0.30 m (1 ft) forward of the plane of 
rotation. From about 0.15 m (0.5 ft) forward of the plane of rotation aft the 
1/7 power law boundary layer profile results in a correction of 3 to 4 cB, re- 
presenting pressure reinforcement caused by the fuselage. The 1/3 power law 
boundary layer profile shows effects between those for the 1/7 power law pro- 
file and the linear' profile, as would be expected as the effective boundary 
layer thickness is between those. All four profiles show significant refrac- 
tion effects forward of the plane of rotation. 

It is apparent that the boundary layer profile has a significant effect on 
the propagation effects. The measured JetStar boundary layer profile is simi- 
lar to the classic 1/7 power law profile for turbulent boundary layers. The 
propagation effects for the JetStar boundary layer are also similar to those 
for the 1/7 power law profile. Calculations using the measured JetStar boun- 
dary layer will be used in subsequent discussion. 

Effect of Flight Speed 

The boundary layer refraction and fuselage scattering effects depend on 
flight Mach number. The Mach number dependence is illustrated in Figure 11, 
which shows the calculated corrections along the 0=0 line on the JetStar 
fuselage for the BPF of the SR2 Prop-Fan operating at Mj = 0.8. At 0.8 Mach 
number, a modest pressure reinforcement appears aft of the plane of rotation. 
Forward of the plane of rotation, appreciable attenuation may be seen. The 
attenuation is caused by refraction effects in the boundary layer. At 0.7 and 
0.6 Mach numbers, pressure reinforcement also appears aft of the plane of 
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rotation. The effect initially decreases in the forward direction, but then 
appears to increase again. The 0.7 Mach number curve appears to peak at about 
0.46 m (1.5 ft.) forward of the plane of rotation, then shows a decrease. The 
0.6 Mach number curve is still rising beyond the range calculated. At 0.61 m 
(2 ft.) forward, the apparent fuselage effect is 9dB. This is greater than 
would be expected from a pressure amplification effect. A possible explana- 
tion for this is that the propagation through the boundary layer results in an 
apparent change in source directivity, as illustrated in Figure 12. In the 
absence of any boundary layer, the acoustic ray would travel to the receiver 
following the direct path. For the effective radius source represented, the 
directivity angle is indicated as 0. With the boundary layer present, the 
acoustic ray is refracted and follows the path labeled "refracted path". As 
shown, the refracted ray is at a directivity angle 0 r, which is closer to 
the plane of rotation than the angle 0. The source characteristics are such 
that the noise peaks near the visual plane of rotation, so that there is 
significantly more noise along 0 r than along 0. The receiver then ob- 
serves more noise due to the apparent directivity change caused by the refrac- 
tion effects. At higher flight speeds, or at further forward positions, re- 
fraction is complete and the sound is greatly attenuated before reaching the 
receiver. Apparently, for the 0.7 Mach number curve in Figure 11, the peak at 
0.46 m (1.5 ft.) forward is due to the directivity change caused by the boun- 
dary layer refraction effects. The correction then decreases again, as re- 
fraction becomes more complete. 

Figure 13 shows the calculated effects of flight speed on the 3XBPF har- 
monic. Similar effects to those for the BPF harmonic are seen to occur. How- 
ever, due to the smaller source wavelength the effects are more pronounced. 

At 0.8 Mx there appears a strong attenuation effect. At 0.7 Mx, there appears 
a modest reinforcement, again due to refraction effects on the apparent source 
directively, then a strong attenuation effect as refraction becomes more com- 
plete. At 0.6 Mx, the directivity effects are even stronger than for the BPF 
tone, which is expected since the source directivity becomes sharper with in- 
creasing frequency. 


Frequency Effects 

The calculated fuselage boundary layer effects are shown in Figure 14 as a 
function of frequency. For this illustration, the effects were calculated for 
a flight Mach number of 0.7. The effects of frequency are seen in the three 
harmonics of blade passing frequency calculated. At low frequency, the be- 
havior is as previously discussed. At 2XBPF, the peak has moved aft, consis- 
tent with a sharper source directivity. It can be seen that beyond 0.46 m 
(1.5 ft.), the exponential decay effect has occurred, as full refraction 
through the boundary layer is occurring. At 3XBPF, the peak is still further 
aft, consistent with the still-sharper directivity at this higher frequency. 

It is thus apparent that the fuselage boundary layer refraction effects are 
strongly dependent on frequency. This should not be surprizing, as the source 
wavelength to boundary layer thickness ratio decreases with increasing fre- 
quency thereby producing more refraction effects within the boundary layer. 


14 



Effect of Scale 


The above discussion is in the context of the JetStar model Prop-Fan 
scale. For the JetStar cases, a relatively thick boundary layer, based on 
measurements, has been used in the calculations. Further, the small size of 
the Prop-Fan models resulted in relatively short wavelengths for the source. 

It was found that for these small size configurations, the pressure reinforce- 
ment near the peak noise directivity at 0.8 flight Mach number is in the order 
of 2 to 3 dB. This is less than the usual 6 dB pressure doubling assumed for 
typical fuselage effects. However, the effect was found to be frequency de- 
pendent, so that these results might not be as strong in full-scale. 

The boundary layer/fuselage effects for a full-scale Prop-Fan configura- 
tion were calculated for an 8-bladed, 4.57 m (15.0 ft.) diameter Prop-Fan op- 
erating at 0.8 Mach number cruise and a tip clearance of 0.8 diameter. The 
fuselage was assumed to be 3.66 m (12.0 ft) in diameter with a 0.10 m (0.33 
ft) thick boundary layer. The boundary layer used is a classical one with a 
1/7 power law profile. 

Figure 15 shows the calculated effects for the first two harmonics of 
blade passing frequency. From aft of the plane of rotation to slightly for- 
ward of the plane of rotation the fuselage correction is between 5 and 6 dB. 
The BPF tone shows a very slight boundary layer refraction effect forward of 
the plane of rotation. The refraction effects are stronger for the 2XBPF tone 
and substantial attenuation becomes apparent beyond about 0.5 diameters. How- 
ever, the free-field noise of Prop-Fans tends to peak near the visual plane of 
rotation. From Figure 15 it can be seen that in the plane of rotation the 
correction is 5 dB for both the BPF and 2XBPF tones. Thus, it would appear 
that the fuselage/boundary layer effects for a full scale Prop-Fan installa- 
tion operating at high Mach number cruise would be only about 1 dB less than 
full pressure doubling. 
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CORRELATION WITH MODEL PROP-FAN DATA IN FLIGHT 


Available Data 

The available model data includes noise measurements made under actual 
high-speed, high altitude flight conditions. Model Prop-Fan noise was mea- 
sured using microphones flush-mounted in the fuselage. Also, a limited number 
of test flights were made with a "free-field" microphone boom installed above 
the Prop-Fan. The microphone installations are shown in Figure 16. Acoustic 
results from this series of tests were reported in References 15 and 16. 

Correlations Using Boom and Fuselage Data 

The boom contained four microphones, installed at axial locations and 
radial tip clearances corresponding to four microphone locations on the 
JetStar fuselage. Because of its thin boundary layer and small diameter 
(0.038 m (0.125 ft)), it was expected that the boom noise levels would be re- 
presentative of levels in free space and would therefore be useful for direct 
comparison with the fuselage levels. This turned out not to be the case, as 
the convection effect reduces the wavelength of noise at blade passing fre- 
quency to approximately 0.10 m (0.33 ft), and significant scattering occurs at 
the boom. However, the present theory can be used to evaluate these effects 
by comparing the calculated noise at the boom and at the fuselage and then 
comparing that result with the corresponding measurements. This is readily 
seen from the relationship: 


SPL B - SPLpg = ASPLg 

(30) 

SPLp - SPLpg = A SPLp 

(31) 


where SPLn is the sound pressure level at the boom microhone location, 

SPLpg is the free-space sound pressure level and SPLp is the sound pres- 
sure level at the fuselage microphone locations. Since the boom was located 
at the same distance from the Prop-Fan center as the fuselage, 

corresponding microphone locations have the same free-space sound pressure 
level. By equating SPLpg in equations 30 and 31, we obtain 
SPLq - SPLp = ASPLg - a SPL p. Thus, the measured SPL at the boom 
minus the measured SPL at the fuselage is equal to the difference between the 
boom effects and the fuselage effects. Since the latter is calculated by the 
present theory, a comparison can be made to evaluate the calculations. This 
approach has the advantage of not requiring that the Prop-Fan source charac- 
teristics be known. Table I shows comparisons for several representative con- 
ditions . 

The two high flight Mach number conditions, at 0.787, show generally good 
agreement. The trend showing that the fuselage boundary layer effects are 
stronger for the forward microphone locations is seen in both the measurements 
and the calculations. At lower flight speeds, the agreement between the mea- 
surements and the calculations deteriorates. In general, the measurements 
show consistent fuselage boundary layer effects which provide attenuation. 
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The calculations generally show some degree of amplification. The apparent 
amplification effects were previously described and identified as an apparent 
source directivity change caused by boundary layer refraction effects (see 
Figure 12). This apparent amplification is not supported by the data. How- 
ever, it should be recalled that for the present analysis the source represen- 
tation is chordwise and spanwise compact. In actuality, the Prop-Fan noise 
source is distributed, so that the refraction effects are different for each 
source element. Integrating the effect over the blade span thus "softens” the 
effect. In addition, a complete source representation, including loading 
noise dipoles and quadrupoles, would also reduce the apparent amplification 
effects by broadening the source directivity. 

It may be noted that the data show some of these effects, albeit not to 
the same degree as presently calculated. For example, the 0.620 Mx case for 
the SR3 model shows a peak value of 131.3 dB at the BPF measured on the boom. 
At the forward microphone, the level has dropped to 124.6 dB, a change in di- 
rectivity of 6.7 dB. The corresponding fuselage microphones show a difference 
of 6.6 dB, or almost the same. However, at 3XBPF the difference from peak to 
the forward location sound pressure level is 11.7 dB at the boom, but only 7.2 
dB at the fuselage. This appears to indicate that the fuselage boundary layer 
effects have broadened the directivity pattern on the fuselage. 

As a final note, it is assumed in this comparison that the boom is isola- 
ted. In actuality, there will be reflections from the fuselage which will af- 
fect the boom data. These effects cannot be calculated using the current 
method, as it is restricted to having the observer on the fuselage. However 
the theory allows the observer to be located at any lpoint in space and the 
method can be generalized with some further work. 

Correlations Using Free-Field Calculations 

Another way to evaluate the fuselage effects theory is to calculate free- 
field sound pressure levels, apply the fuselage correction, and then compare 
these with the measurements. Figure 17 shows comparisons between measured and 
calculated JetStar fuselage microphone data for the SR3 Prop-Fan model opera- 
ting at a flight speed of 0.787 Mn. The free-field source levels were calcu- 
lated using Hanson's frequency domain method 1 and the fuselage corrections 
were calculated using the present analysis. The boundary layer propagation 
effects result in substantial attenuation at the forward microphone loca- 
tions. At the rearward microphones, the fuselage pressure amplification ef- 
fects are about 1 to 2 dB. The boundary layer attenuation effects increase 
with increasing frequency. These predictions are borne out by the measure- 
ments . 

Figure 18 shows similar comparisons at a flight speed of 0.713 Mn. For 
this lower flight speed, the boundary layer effects show an increase over 
free-field levels at all measurement locations. At the aft locations, the in- 
crease is modest (up to about 4 dB) and is due to pressure amplification 
caused by the fuselage. At the forward locations, the effect of the boundary 
layer is greater, reaching more than 9 dB at 3XBPF. This appears to be a com- 
bination of fuselage reflection and a bending forward of the source directiv- 
ity pattern by refraction in the boundary layer. This effect is slightly 
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over-calculated at BPF, but agrees well with measurements at 2XBPF and 3XBPF. 
Certainly the free-field predictions are improved by the corrections calcu- 
lated using the present theory, especially at the forward locations. 

Figure 19 shows a comparison at a still lower flight speed. Again, the 
boundary layer effects for this 0.620 flight Mach number case show amplifica- 
tion at the forward microphone locations. Except for the most forward micro- 
phone at BPF, the agreement between the calculations and the measurements in 
much improved by the boundary layer propagation effects corrections. 

It is apparent from the comparisons presented in Figures 17, 18 and 19 
that the boundary layer propagation effects corrections calculated using the 
present theory significantly improve the predictions. Noise predictions made 
using the Hanson frequency domain analysis^ and fuselage scattering/boundary 
layer propagation effects calculated using the current method show good agree- 
ment with measurements made on the JetStar fuselage. 



CORRECTION FACTORS FOR THE JETSTAR MEASUREMENTS 

Using the present theory, boundary layer propagation/fuselage scattering 
effects corrections have been calculated for the JetStar test conditions. 

Since the available test data span a wide range of operating conditions, the 
calculations were done for a matrix of operating conditions which bracket the 
test data. A complete set of correction factors is given in Appendix A. 

For these correction factors, calculations were made for all combinations 
of flight speeds of 0.6, 0.7, and 0.8 Mn, and 1, 2, and 3 times blade passing 
frequency for an 8-bladed Prop-Fan. These allow corrections for the available 
data to be derived by interpolation. The corrections are applicable to both 
SR2 and SR3 in their 8-bladed test configurations. It should be noted that 
the corrections given are defined as fuselage levels minus free-field levels. 
Thus, subtracting the correction given in Appendix A from the sound pressure 
level measured by the fuselage microphones will result in levels corrected to 
free-field conditions. Conversely, adding the correction to calculated 
free-field levels gives the estimated level on the fuselage. 

The corrections given are independent of altitude and Prop-Fan power 
loading. 
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CONCLUDING REMARKS 


In this report a new theoretical analysis has been presented that solves 
the entire acoustic field around a cylindrical fuselage with a boundary layer 
in the presence of incident waves from a distributed propeller noise source. 
Scattering from the boundary layer, reflection from the fuselage, and refrac- 
tion in the boundary layer are all rigorously accounted for. The theory re- 
presents the propeller with multiple blades and sources distributed over their 
chords and spans. However, to derive general correction curves for this re- 
port as functions of gross operating conditions, the source representation was 
simplified to a single point thickness source for each blade. This eliminates 
any chordwise and spanwise interference that would be peculiar to a particular 
blade design. Correction curves have been presented that represent the 
difference between noise levels predicted on the fuselage surface and the 
levels predicted at the same point in space but without the fuselage and boun- 
dary layer. 

Based on studies of these correction curves, the following conclusion have 
been reached. 

1. In general, the theory predicts attenuation forward of the plane of 
rotation and modest amplification aft of the plane of rotation for 
the SR2 and SR3 model Prop-Fans on the JetStar at high cruise Mach 
numbers. 

2. At low flight speeds, the theory predicts amplification at all loca- 
tions for the SR2 and SR3 model Prop-Fans. This appears to be a re- 
sult of the apparent change in source directivity caused by boundary 
layer refraction. 

3. The theory indicates for a full scale Prop-Fan that the fuselage 
scattering/boundary layer refraction effects result in a pressure 
amplification of approximately 5 dB at the peak noise location. This 
amplification reduces to 2.5 dB at the blade passing frequency and to 
a reduction of 2.5 dB at 2 times blade passing frequency at 0.8 dia- 
meters forward of the plane of rotation. 

4. The calculated fuselage scattering/boundary layers refraction effects 
show a strong dependence on frequency. 

5. Comparison between theory and JetStar test data is generally good 
when predictions are made by using the existing Hamilton Standard 
free-space Prop-Fan noise prediction procedure with corrections from 
the new boundary layer propagation analysis. 

6. Comparisons are not as good when using the boundary layer propogation 
theory to predict the differences between JetStar fuselage surface 
levels and JetStar microphone boom levels. It is not known at this 
point whether this is a problem with the theory or with the boom data. 
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RECOMMENDATIONS 


In this report the new theory has been demonstrated to provide improved 
accuracy on the basis of amplitude when used to correct free space predictions 
to fuselage levels. Both amplitude and phase information are needed for fuse- 
lage treatment design. Therefore its phase accuracy should also be evalu- 
ated. Also, the disagreement with the microphone boom results should be in- 
vestigated. This disagreement must be understood to establish the value of a 
"free- space" boom in future flight tests. 
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TABLE I - Comparison of Measured and Calculated Fuselage Effects 
for the JetStar Test Airplane ~ 


Prop-Fan 

Flight 

Har- 

Mic No. 

Measured SPL 

Calculated ASPL 

AdB, Boom-Fuse 

Configuration 

Mn 

monic 

Boom/Fuse 

Boom 

Fuse 

Boom 

Fuse 

Meas. 

Calc. 

SR3 

0.787 

1 

1/3 

133.1 

127.0 

2.3 

-1.7 

6.1 

4.0 




2/4 


136.0 

2.8 

0.5 

- 

2.3 




3/5 

143.0 

140.4 

3.2 

0.8 

2.6 

2.4 




4/7 

146.1 

141.3 

3.2 

1.3 

4.8 

1.9 



2 

1/3 

129.8 

110.4 

2.6 

-14.9 

19.4 

17.5 




2/4 

— 

129.1 

3.3 

-2.4 

- 

5.7 




3/5 

138.4 

136.5 

3.8 

0.6 

1.9 

3.2 




4/7 

137.9 

136.3 

4.2 

0.5 

1.6 

3.7 



3 

1/3 

126.3 

105.8 

2.1 

-21.9 

20.5 

23.0 




2/4 

- 

120.5 

3.3 

-5.2 

- 

8.5 




3/5 

133.8 

129.3 

4.2 

1.3 

4.5 

2.9 




4/7 

135.8 

118.6 

4.6 

0.3 

17.2 

4.3 


0.713 

1 

1/3 

130.0 

127.2 

1.6 

4.8 

2.8 

-3.2 




2/4 

— 

132.1 

2.1 

3.2 

- 

-1.1 




3/5 

139.3 

136.2 

2.4 

1.9 

3.1 

0.5 




4/7 

140.2 

134.0 

2.4 

2.0 

6.2 

0.4 



2 

1/3 

126.7 

121.1 

3.8 

7.3 

5.6 

-3.5 




2/4 

- 

129.6 

3.9 

4.6 

- 

-0.7 




3/5 

137.2 

133.6 

4.1 

2.1 

3.6 

2.0 




4/7 

136.9 

130.9 

4.4 

1.0 

6.0 

3.4 



3 

1/3 

122.7 

116.4 

4.0 

8.7 

6.3 

-4.7 




2/4 

— 

126.2 

4.1 

6.0 

- 

-1.9 




3/5 

132.6 

128.6 

4.1 

2.3 

4.0 

1.8 




4/7 

129.6 

120.0 

4.2 

0.3 

9.6 

3.9 


0.620 

1 

1/3 

124.6 

119.8 

1.1 

5.5 

4.8 

-4.4 




2/4 

— 

123.0 

1.4 

3.8 

- 

-2.4 




3/5 

131.3 

126.4 

1.6 

2.7 

4.9 

-1.1 




4/7 

122.6 

125.5 

1.5 

2.2 

-2.9 

-0.7 



2 

1/3 

113.8 

112.7 

3.8 

8.9 

1.1 

-5.1 




2/4 

— 

115.2 

3.9 

5.5 

- 

-1.6 




3/5 

120.3 

116.9 

4.0 

3.1 

3.4 

0.9 




4/7 

122.7 

118.0 

4.2 

1.9 

4.7 

2.3 



3 

1/3 

107.6 

106.4 

4.4 

12.1 

1.2 

-7.7 




2/4 

- 

111.5 

4.2 

6.8 

- 

-2.6 




3/5 

113.4 

107.9 

4.2 

3.1 

5.5 

1.1 




4/7 

119.3 

113.6 

4.3 

1.2 

5.7 

3.1 
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TABLE I - Comparison of Measured and Calculated Fuselage Effects 
for the JetStar Test Airplane (Continued! 


Prop-Fan 

Configuration 

SR2 


Flight 

Har- 

Mic No. 

Measured SPL 

Calculated a SPL 

AdB , 

Boom-Fuse 

Mn 

monic 

Boom/Fuse 

Boom 

Fuse 

Boom 

Fuse 

Meas. 

Calc. 

0.787 

1 

1/3 

139.6 


2.0 

-1.3 

. 

3.3 



2/4 

148.2 

146.5 

2.6 

0.4 

1.7 

2.2 



3/5 

151.0 

149.0 

3.1 

0.6 

2.0 

2.5 



4/7 

151.0 

144.0 

3.1 

1.2 

7.0 

1.9 


2 

1/3 

136.2 

— 

2.8 

-9.1 

- 

11.9 



2/4 

142.5 

140.0 

3.4 

-0.7 

2.5 

4.1 



3/5 

145.6 

137.9 

3.9 

0.4 

7.7 

3.5 



4/7 

134.0 

136.3 

4.3 

0.2 

-2.3 

4.1 


3 

1/3 

131.5 

— 

2.5 

-17.9 

— 

- 



2/4 

139.0 

135.2 

3.5 

-2.0 

3.8 

5.5 



3/5 

142.8 

130.6 

4.2 

1.0 

12.2 

3.2 



4/7 

133.9 

112.6 

4.5 

-0.5 

21.3 

5.0 

0.710 

1 

1/3 

139.0 

137.8 

1.6 

4.6 

1.2 

-3.0 



2/4 

145.6 

142.0 

2.1 

3.0 

3.6 

-0.9 



3/5 

145.0 

142.5 

2.3 

1.9 

2.5 

0.4 



4/7 

142.0 

136.7 

2.2 

1.7 

5.3 

0.5 


2 

1/3 

131.6 

128.9 

3.8 

7.4 

2.7 

-3.6 



2/4 

137.6 

135.0 

4.0 

4.3 

2.6 

-0.3 



3/5 

138.8 

139.6 

4.1 

1.8 

- 0.8 

2.3 



4/7 

141.1 

125.8 

4.5 

1.1 

15.3 

3.4 


3 

1/3 

128.6 

126.3 

4.1 

9.3 

2.3 

-5.2 



2/4 

136.2 

133.1 

4.1 

5.6 

3.1 

-1.5 



3/5 

136.1 

132.9 

4.1 

1.9 

3.2 

2.3 



4/7 

130.9 

121.4 

4.2 

0.2 

9.5 

4.0 

0.617 

1 

1/3 

124.0 

119.7 

0.9 

5.6 

4.3 

-4.7 



2/4 

128.2 

123.5 

1.2 

3.9 

4.7 

-2.7 



3/5 

129.3 

127.2 

1.4 

2.8 

2.1 

-1.4 



4/7 

125.3 

123.0 

1.3 

3.0 

2.3 

-1.7 


2 

1/3 

114.8 

104.1 

3.6 

8.5 

10.7 

-4.9 



2/4 

121.9 

109.4 

3.7 

5.1 

12.5 

-1.4 



3/5 

119.9 

112.9 

3.8 

2.8 

7.0 

1.0 



4/7 

115.3 

113.4 

4.0 

2.0 

1.9 

2.0 


3 

1/3 

107.1 

100.7 

4.4 

11.3 

6.4 

-6.9 



2/4 

112.7 

103.9 

4.2 

6.2 

8.8 

- 2.0 



3/5 

114.1 

105.0 

4.2 

2.7 

9.1 

1.5 



4/7 

110.1 

104.8 

4.4 

1.2 

5.3 

3.2 
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ORIGINAL PAGE 

BLACK AND WHITE PHOTOGRAPH 



FIGURE 2. PROP-FAN MODEL SR-3 MOUNTED ON JETSTAR BUSINESS AIRCRAFT 
SHOWING MICROPHONE ARRAY 


ORIGINAL PAGE }f 
OF POO* QUALITY 
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PLANE OF 
ROTATION 


FORWARD 



DIRECTION 

OF 

ROTATION 


AXIAL DISTANCE, M 


NOTE: CORRECTION 
FACTORS ARE VALUES 
TO BE ADDED TO 
FREE FIELD PREDICTIONS 
TO OBTAIN LEVELS 
EXPECTED ON THE 
FUSELAGE SURFACE. 


Mx = 0.787 
Mt = 0.81 6 


FIGURE 5. SAMPLE CALCULATED CORRECTION FACTORS FOR THE JETSTAR 

FUSELAGE AT BLADE PASSAGE FREQUENCY FOR AN EIGHT BLADE 
PROP-FAN 




MACH NUMBER IS 0.4000 



30 


FIGURE 6. COMPARISON OF 2-D AMPLITUDE RESULTS - MC ANINCH VS. PRESENT METHOD 




ST3A33 QT3IJ 33MJ OJ. 3AI1VT3M 8P NOIlDSUdOD 30V33Snj 
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FIGURE 7. CALCULATED FUSELAGE SCATTERING EFFECTS AT 



DISTANCE FROM FUSELAGE SURFACE, IN. 



FIGURE 8. SAMPLE BOUNDARY LAYER PROFILES 
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DISTANCE FROM FUSELAGE 




FUSELAGE CORRECTION, dB, RE FREE-SPACE LEVELS 



- 2-10 1 2 
DISTANCE FROM PLANE OF ROTATION, FT 


FIGURE 10. EFFECT OF BOUNDARY LAYER PROFILE ON NOISE PROPAGATION 
TO THE FUSELAGE 
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FUSELAGE CORRECTION, dB RELATIVE TO FREE FIELD LEVELS 


M 


X 



-2 -I 0 ' 2 

DISTANCE FROM PLANE OF ROTATION, FT 

FIGURE 11. BOUNDARY LAYER/FUSELAGE EFFECTS VS. FLIGHT MACH NUMBER 
AT BLADE PASSING FREQUENCY 
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FIGURE 12. ACOUSTIC RAY PROPAGATION THROUGH THE BOUNDARY LAYER 
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FUSELAGE CORRECTION, dB RE FREE-FIELD LEVELS 



-2 -I 0 1 2 

DISTANCE FROM PLANE OF ROTATION, FT 

FIGURE 13. BOUNDARY LAYER/FUSELAGE EFFECTS VS. FLIGHT MACH NUMBER 
AT 3 X BPF 
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FIELD LEVEL 


10 



-2 -1 0 12 


DISTANCE FROM PLANE OF ROTATION, FT 


FIGURE 14. BOUNDARY LAYER/FUSELAGE EFFECTS VS. FREQUENCY 


FUSELAGE CORRECTION, dB RE FREE FIELD LEVEL 



DISTANCE FROM PLANE OF ROTATION, DIA. 


FIGURE 15. FUSELAGE/BOUNDARY LAYER EFFECTS FOR A FULL-SCALE 
CONFIGURATION 
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MICROPHONE BOOM 


FUSELAGE SURFACE MICROPHONES 


A} BOOM INSTALLATION 


MICROPHONE 


64.5 ( 25 . 4 ) 


O ACCELEROMETER 


66.0 ( 26 . 0 ) 

B1 

♦INDICATES CENTERLINE M1CS ON FUSELAGE 
WHICH HAVE CORRESPONDING MICS ON 
BOOM (WITH MIC NUMBER) 

B) MICROPHONE IDENTIFICATION I ALL DIMENSIONS IN CM (IN.) 

FIGURE 16. JETSTAR MICROPHONE ARRANGEMENT 

40 
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66.5 ( 26 . 2 ) 




FIGURE 17. COMPARISON OF MEASURED AND CALCULATED SOUND PRESSURE LEVELS 
AT THE JETSTAR FUSELAGE FOR SR3 AT 0.787 MACH NUMBER 






150 
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FIGURE 18. COMPARISON OF MEASURED AND CALCULATED SOUND PRESSURE LEVELS 
AT THE JETSTAR FUSELAGE FOR SR3 AT 0.713 FLIGHT MACH NUMBER 






APPENDIX A - JETSTAR FUSELAGE MICROPHONE CORRECTION FACTORS 


This appendix contains the fuselage scattering/boundary layer propagation 
effects corrections for the existing SR2/SR3 eight-bladed models tested on the 
JetStar airplane. These corrections are based on the present analysis and are 
presented as dB increments to be added to free-field levels to correct them to 
fuselage surface noise levels. Alternately, the correction factors can be 
subtracted from the JetStar fuselage microphone measurements to correct them 
to free-field conditions. 

The correction factors are presented as an array, with columns correspond- 
ing to axial positions on the fuselage (positive forward from the plane of 
rotation) and rows corresponding to circumferential angles on the fuselage. 
Figure A-l identifies the microphone positions on the fuselage for which the 
correction factors were calculated. Note that there are more correction fac- 
tors given than there are actual microphone positions, since the array of cor- 
rection factors is complete whereas microphone at corner locations were not 
used. 

The tables of correction factors are presented in the following sequence: 


Table No. 

Flight Mn. 

Rotational Mn 

1 

0.60 

0.60 

2 

0.60 

0.70 

3 

0.60 

0.80 

4 

0.70 

0.60 

5 

0.70 

0.70 

6 

0.70 

0.80 

7 

0.80 

0.60 

8 

0.80 

0.70 

9 

0.80 

0.80 


Each table provides corrections for the first three harmonics of blade 
passing frequency (i.e. 8P, 16P, and 24P harmonics, with P = RPM/60). Al- 
though the data may not match the operating conditions of the tables exactly, 
correction factors using linear interpolation in Mach number should be ade- 
quate. 

The correction factors given are applicable to both SR2 and SR3 in their 
8-bladed configuration and can also be used for the 20,000 ft altitude and 
30,000 ft altitude data. 
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Figure A-l JetStar Fuselage 
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TABLE A - 2 JETSTAR FUSELAGE CORRECTIONS FOR M x = 0.6 and Mj= 0.7 
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TABLE A- 3 JETSTAR FUSELAGE CORRECTIONS FOR M x =0.6 and Mj=0.8 
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TABLE A - 7 JETSTAR FUSELAGE CORRECTIONS FOR M x = 0.8 and M T = 0.6 
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TABLE A - 8 JETSTAR FUSELAGE CORRECTIONS FOR M x = 0.8 and Mj= 0.7 
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TABLE A - 9 JETSTAR FUSELAGE CORRECTIONS FOR M x = 0.8 and Mj= 0.8 
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APPENDIX B - COMPUTER PROGRAM USER’S GUIDE 
Description of User Inputs 


The data required to describe the configuration and operating conditions 
for each case are read and stored into an array labelled DATA. Prior to 
the run this array is initiated to zero. It is not re-zeroed between 
cases. 

The data required for each case are: 

1. A comment line: the case description, for example. This record must 
not be blank. It is printed at the top of the first page of output. 

2. A set of records containing data which are read and interpreted by 
LOAD, an input handling subroutine. 

3. A record with 0 in column 1 and -1. in columns 3 to 5 follows the 
last data record for each case. 

A blank record (in columns 1 to 72) follows the last case to signal the 
end of the run. 

The data records follow the format shown in Figure A-l. Column 1 should 
contain a number in the range 1 to 5 which indicates the number of data 
items on this line. Starting in column 3, the location in array DATA of 
the first data item on the line is input. Data items are then input in 
floating point format starting in column 13 for the first data item, column 
25 for the second, column 37 for the third, column 49 for the fourth, and 
column 61 for the fifth item. Each item is limited to 12 characters. The 
order of the data record for each case is not restricted. However, if two 
or more records contain data for the same location the one that is read 
last will be used. The 0 -1. record signals the end of the data for each 
case. 

For some data items, defaults have been established. That is, if a spe- 
cific number in the data array is zero after all the data for the case are 
read, the number is replaced by the default value. Examples are the start- 
ing harmonic, increment in harmonic, and number of harmonic steps. If not 
specifically input by the user these are set to 1. 

The input list is presented in Figure A-2. As noted, locations 4., 10 ., 
11., 12. and 61. to 80. are dimensions which can be input in any consis- 
tent set of units (i.e. feet, inches, meters, furlongs, etc.) as they are 
normalized by the boundary layer thickness. Locations 21. to 60. are in 
degrees. All other inputs are dimensionless. Unless the user has reasons 
for doing otherwise it is recommended that the default values be used for 
locations 81. to 89. Locations 91. to 93. control plotting options. These 
plots are printer plots and require an IBM 3800 printer with the P0H1 char- 
acter set. 
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Sample Cases 


Two sample cases are provided for the following: 
Case 1: 


Flight Mach number 

0.3 

Altitude 

5,000 

Number of blades 

8 

Prop-Fan radius 

4.5 

Blade chord/diameter 

0.173 

Thickness/chord 

0.023 

C.G. alignment/diameter 

0.03 

Effective radius 

0.8 

Rotational tip speed 

800 

Fuselage radius 

3.9167 

Turbulent boundary layer - 1/7 

law 

Boundary layer thickness 

4 

Distance between center-lines 

13.958 


ft 

ft 


ft/ sec 
ft 

inches 

ft 


Case 2: 


Flight Mach number 0.8 

Altitude 35,000 ft 

Rest same as for Case 1. 


To define the required inputs, it is assumed that for the low altitude 
case the density ratio is 0.8617 and the speed of sound is 1097 ft/sec, 
while for the high altitude case the density ratio is 0.3106 and the speed 
of sound is 972.3 ft/sec. 


The general geometry is shown in Figure A-3. This figure shows the 
relation between the Prop-Fan and the fuselage as well as the direction of 
rotation and the conventions used for the locations on the fuselage. 

The input data set for these cases is given in Figure A-l. The descrip- 
tion of the geometry, operating condition, and fuselage locations is given 
in the first case. Inputs for the harmonics are not given, so the default 
values will be used, i.e. only the first harmonic will be calculated. For 
the second case, only the flight Mach number, density ratio, and rotational 
Mach number are changed from the first case. These new values are thus 
input to locations 1., 2., and 9., respectively. Finally, location 18. was 
input a 3. to indicate that three harmonics are to be calculated. 


The output from these cases is given in Figure A-4. As shown, the case 
description is first summarized. Following that is the array of angles and 
distances for the free-space sound pressure levels. Next, the array for 
the sound pressure levels on the fuselage are printed. Finally, the array 
of boundary layer and fuselage corrections in dB is printed. This array is 
simply the difference between the two previous arrays. Thus, negative val- 
ues are levels that are below free-field, due to attenuation by the bound- 
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ary layer or shielding from the fuselage, and positive values are pressure 
amplification due to the fuselage. 

The sequence is repeated for the second case. Here, three sets of 
arrays are given, one for each of the three harmonics requested. 

It should be noted that the magnitude of the calculated sound pressure 
levels is usually much greater than would normally be calculated or meas- 
ured. This is a result of using an effective radius monopole source in 
these calculations. It is not intended that this method be used for esti- 
mating noise levels on a fuselage directly. However, since the same source 
representation is used for calculating both the free-space levels and those 
on the fuselage, the boundary layer propagation and fuselage scattering 
effects are properly calculated. These can be applied to fuselage measure- 
ments to correct to free-field or to free-field calculations to estimate 
levels on a fuselage. 

It may also be observed that under certain conditions fuselage reflec- 
tions greater than 6 dB are calculated. As discussed in the main report, 
this is a consequence of the source directivity. 
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1 3 

n location 

13 

item 1 

25 

item 2 

37 

item 3 

49 

item 4 

61 

item 5 

PTA 5000 

FT ALTITUDE 

0.3 MACH 

NUMBER FLIGHT 



5 1. 

.3 

.8617 

8. 

4.5 

.173 

5 6. 

.023 

.03 

.8 

.729 

3.9167 

5 11. 

.333333 

13.95833 

4.1428 

15. 

10. 

5 21. 

-120. 

-90. 

-75. 

-60. 

-45. 

5 26. 

-30. 

-15. 

0. 

15. 

30. 

5 31. 

45. 

60. 

75. 

90. 

150. 

5 61. 

20. 

15. 

10. 

7. 

4. 

5 66. 

0 -1. 

PTA 35000 
2 1. 

1 9. 

1 18. 

0 -1. 

2. 

FT ALTITUDE 
.8 

.822 

3. 

0 . 

0.8 MACH 
.3106 

-2. 

NUMBER FLIGHT 

-5. 

-10. 


FIGURE A-l. INPUT DATA FORMAT AND SAMPLE CASES 
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Input list: 
Location Name 


1. mx Flight Mach number 

2. ppO Ambient pressure/sea-level standard 

3. b Number of blades 

4. rt Tip radius *** 

5. bd Blade chord/diameter at effective radius 

6. tb Max thickness/chord at effective radius 

7. cga Cg (mid-chord) alignment/diameter along advance 

helix at effective radius 

8. ze Effective radius/tip radius 

9. mt Rotational tip Mach number 

10. rf Fuselage radius *** 

11. delta Fuselage boundary layer thickness *** 

12. rcl Distance between rotor and fuselage centerlines *** 

13. iblt Boundary layer profile: 

1. Linear 

2. Pohl hausen 

3. JetStar (default) 

4. xxxx Power law - power = .xxxx 

14. nphi Number of angles, 0. to 40. Default = 1. 

15. nx Number of axial locations, 0. to 20. Default = 1. 

16. ms Start harmonic of BPF. Default = 1. 

17. mi Increment in harmonic. Default = 1. 

18. mn Number of harmonic steps. Default = 1. 

19. icalc Calculation types: 

0. Both free-field and thru boundary layer 

1. Free-field only 

2. Under boundary layer only 

21.-60. phi Angle(s) around fuselage, degrees 

61.-80. x Axial distance from plane of rotation, + forward *** 

81. nkxl No. steps in kx integration over interval -km/(l-mx), 

km/(l+mx). Program uses nkxl*mb. Default = 10. 

82. npz No. steps in integration thru boundary layer. 

Default = 50. 

83. nms No. steps to stop before singularity in integration 

thru boundary layer. Default = 2. 

*** These inputs can be in any consistent set of units. 


FIGURE A-2. DESCRIPTION OF REQUIRED INPUTS 
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Input list (continued): 


Location 

84. 

85. 

86 . 
87. 


88 . 

89. 

91. 

92. 

93. 


Name Description 


ipmain Printout options from main program 

0. Final answers only. 

1. Integration limits used. 

2. Table of kx and n ranges. 

3. Debug. 

ipfres Printout options for free-space calculations 

0. No output. 

1. No output. 

2. Integration limits. 

3. Debug. 

ipblpr Printout options for pressures on fuselage surface. 

0. No output. 

1. Integration limits and singularities. 

2. Same as for 1. 

3. Debug. 

ipblin Printout options for boundary layer integration. 

0. No output. 

1. Id of singularity, mesh size, Frobenius coeff. 

2. Table of p, dpdz, m, and dmdz vs. z in b.l. 

3. Debug. 


nlimit N summation convergence test. Default = l.E-4. 
kxlim Kx integration convergence test. Default = l.E-4. 

ikxfsp Not 0. to get plots of free-field wavenumber integr 
ikxblp Not 0. to get plots of press under b.l. waveno. int 
ipint Not 0. to get plots of p and dpdz in boundary layer 


FIGURE A-2. (CONCLUDED) 
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FUSELAGE PROP-FAN 

(FORWARD IS OUT OF PAPER) 


a. CIRCUMFERENTIAL LOCATIONS 



b. AXIAL LOCATIONS 


FIGURE A-3. AIRPLANE GEOMETRY AND SIGN CONVENTION. 
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riA 5000 ft altitude 0.3 mach number flight 


FLIGHT MACH NUMBER = 0.300000 AMBIENT rRESSURE/PO = 0.061700 


OIADE COUNT * 0. 

THICKNESS/CHORD = 0.023000 
ROTATIONAL TIP MACH NO. = 0.729000 


TIP RADIUS = 9.500 

CG ALIGNMENT = 0.030000 


BLADE CHORD/DIA * 0.173000 
EFFECTIVE RADIUS/TIP RADIUS = 0.000000 


FUSFI.AGE RADIUS = 3.917 BOUNDARY LAYER THICKNESS * 0.333330 

POWER LAW BOUNDARY LAYER PROFILE WITH POWER = 0.192000 


CIRCUMFEREN1 IAL ANGLES, DEGREES 
-120.000 -90.000 -75.000 -60.000 -95.000 

95.000 60.000 75.000 90.000 150.000 


CENTERLINE DISTANCE 


13.956 


-15.000 


AXIAL OISTANCE FROM PLANE OF ROTATION 

20.0000 15.0000 10.0000 7.0000 


FREE -SPACE SPL FOR HARMONIC MO . 1 

VISUAL DISTANCE 


PHI, DEG 

20.000 

15.000 

10.000 

7.000 

9.000 

2.000 

0.0 

-2.000 

-5.000 

-10.000 

-120 . 00 

99.3 

105.5 

116.1 

121.9 

125.0 

126.1 

126.2 

125.0 

121.2 

111.2 

-90.00 

09.7 

102.3 

119.6 

121.0 

125.6 

127.2 

127.3 

125.9 

121.3 

109.3 

-75.00 

06.6 

99.9 

113.9 

120.6 

125.9 

127.0 

126.0 

126.5 

121.3 

108.0 

-60.00 

03.1 

97.2 

111.9 

119.9 

126.2 

120.5 

120.0 

127.1 

121.1 

106.2 

-95 . 00 

79.3 

99.2 

110.0 

119.1 

3 26.3 

129.2 

129.7 

127.7 

120.9 

109.3 

-30.00 

75.0 

91.3 

108.2 

118.2 

126.9 

129.0 

130.5 

128.3 

120.5 

102.3 

-15.00 

73.1 

09.1 

106.0 

117.9 

126.9 

130.2 

131.1 

128.7 

120.2 

100.9 

0 . 0 

72.2 

80.3 

106.3 

117.1 

126.9 

130.3 

131.3 

128.8 

120.1 

100.3 

15.00 

73.1 

89.1 

106.8 

117.9 

126.9 

130.2 

131.1 

126.7 

120.2 

100.9 

30 . 00 

75.7 

91.3 

108.2 

110.2 

126.9 

129.8 

130.5 

120.3 

120.5 

102 . 3 

95.00 

79 . 3 

99.2 

110.1 

119.1 

126.3 

129.2 

129.7 

127.7 

120 . 9 

109.3 

60 . 00 

03.1 

97.2 

111 .8 

119.9 

126.2 

128.5 

128.8 

127.1 

121 . 1 

106.2 

75.00 

06 . 6 

99.9 

113.9 

120 . 6 

125.9 

127.0 

120.0 

126.5 

121.3 

106 . 0 

90.00 

89 . 7 

102.3 

119.6 

121.0 

125.6 

127.2 

127.3 

125.9 

121.3 

109.3 

150.00 

96.8 

107.2 

116.0 

121 .9 

129.5 

125.5 

125.5 

129.9 

121.1 

112.1 


SPL ON THE FUSELAGE FOR HARMONIC NO. 1 


VISUAL DISTANCE 


PHI, DEG 

20 . 000 

15.000 

10.000 

7.000 

9.000 

-120.00 

96.0 

106.6 

116.7 

121.7 

125.0 

-90.00 

99.7 

106.5 

118.9 

129.6 

129.1 

-75.00 

91.3 

109.9 

118.3 

125.9 

130.6 

-60.00 

86.9 

103.1 

117.3 

125.3 

131.9 

-95.00 

66.0 

100.2 

115.9 

129.0 

132.0 

-30.00 

83.7 

97.2 

119.9 

129.1 

132.1 

-15.00 

60.6 

95.5 

112.9 

123.3 

132.1 

0.0 

75.2 

95.2 

112.0 

122.7 

131.8 

15.00 

79.5 

93.8 

112.0 

122.3 

131.3 

30.00 

62.1 

95.2 

111.6 

121.9 

130.9 

95.00 

71.0 

95.9 

111.9 

121.2 

128.9 

60.00 

89.6 

93.9 

111.3 

120.9 

127.2 

75 . 00 

09.9 

90.0 

110.8 

116.5 

126.6 

90.00 

78.6 

92.3 

110.2 

117.5 

122.5 

150.00 

92.6 

101 .9 

100.9 

112.2 

119.3 


2.000 

0.0 

-2.000 

-5.000 

-10.000 

126.0 

126.0 

125.0 

121.5 

112.0 

130.7 

130.0 

129.9 

129.9 

113.1 

132.9 

132.6 

131.1 

126.0 

112.9 

133.7 

139.1 

132.9 

126.9 

111. 6 

139.6 

135.3 

133.3 

126.5 

110.0 

135.9 

136.2 

139.0 

126.3 

100.9 

135.8 

136.7 

139.3 

126.0 

106.8 

135.7 

136.7 

139.3 

125.6 

105.7 

135.1 

136.0 

133.6 

125.1 

105.9 

133.9 

139.7 

132.9 

129.6 

105.6 

132.0 

132.6 

130.6 

123.9 

106.1 

129.7 

130.2 

126.9 

122.2 

106.1 

126.0 

127.2 

125.6 

119.9 

105.3 

129.2 

129.9 

123.1 

118.9 

105.8 

119.9 

119.0 

119.0 

111.0 

105.9 


BOUNDARY LAYER AND FUSELAGE REFLECTION DB CORRECTION FOR HARMONIC NO. 1 

VISUAL OISTANCE 


PHI, DEG 

20.000 

15.000 

10.000 

7.000 

-120.00 

1.8 

1.1 

0.6 

0.3 

-90.00 

5.0 

9.2 

3.0 

3.7 

-75.00 

9.7 

9.9 

5.0 

9.8 

-60.00 

5.3 

6.0 

5.5 

5.9 

‘♦5.00 

6.8 

6.1 

5.8 

5.7 

-30.00 

7.9 

5.9 

6.1 

5.9 

-15.00 

7.7 

6.9 

6.1 

5.9 

0 . 0 

3.0 

6.9 

5.8 

5.6 

15.00 

6.3 

9.6 

5.1 

9.9 

30.00 

6.3 

3.9 

3.3 

3.0 

95.00 

-7.5 

1.7 

1.9 

2.1 

t.0 . 00 

1 .5 

-3.3 

0.6 

0.5 

75.00 

-2.2 

-1.9 

-2.6 

-2.0 

90.00 

-11.0 

-10 . 0 

-9.9 

-3.5 

150.00 

-9.1 

-5.9 

-7.9 

-9.2 


>.000 

2.000 

0.0 

-2.000 

-5,000 

-10.000 

0.0 

-0.1 

-0.1 

-0.0 

0.3 

0.9 

3.6 

3.5 

3.5 

3.5 

3.6 

3.7 

9.7 

9.6 

9.6 

9.6 

9.7 

5.0 

5.3 

5.2 

5.2 

5.3 

5.3 

5.3 

5.6 

5.6 

5.6 

5.6 

5.7 

5.7 

5.7 

5.7 

5.7 

5.7 

5.6 

b.l 

5.7 

5.6 

5.6 

5.7 

5.6 

b.O 

5.5 

5.9 

5.9 

5.5 

5.5 

5.9 

9.9 

9.9 

9.9 

5.0 

9.9 

5.0 

9.0 

9.1 

9.2 

9.2 

9 . 0 

3.2 

2.6 

2.0 

2.9 

2.0 

2.5 

1.6 

1.0 

1.2 

1.3 

1.3 

1.0 

-0.2 

-1.3 

-1.0 

-0.9 

-0.9 

-1.9 

-2.7 

-3.1 

-2.9 

-2.9 

-2.0 

-2.9 

-3.5 

10.2 

-10.6 

-10.7 

-10.9 

-9.3 

-b . 6 


FIGURE A-4. SAMPLE CASE OUTPUT. 


GftlG.'NAL PAGE fS 

OF POOR QUALITY 



PTA 55000 FT ALTITUDE 0.8 MACH NUMBER FLIGHT 


FLIGHT MACH NUMBER - 0.800000 

BLADE COUNT = 8. 

THICKNES3/C1I0RD = 0.023000 
ROTATIONAL IIP MACH NO. = 0.822000 


AMBIENT PRESSURE/PO = 0.310600 


TIP RADIUS - 4.500 

CG ALIGNMENT = 0.030000 


FUSELAGE RADIUS = 3.417 BOUNDARY LAYER THICKNESS 

POWER LAW BOUNDARY LAYER PROFILE WITH POWER = 0.142800 


BLADE CHORD/D1A * 0.173000 
EFFECTIVE RADIUS/TIP RADIUS * 0.800000 


CENTERLINE DISTANCE 


CIRCUMFERENTIAL ANGLES, DEGREES 
-120.000 -90.000 -75.000 -60.000 -45.000 

45.000 60.000 75.000 90.000 150.000 


AXIAL DISTANCE FROM PLANE OF ROTATION 

20.0000 15.0000 10.0000 7.0000 


- 10.0000 


FREE SPACE STL FOR HARMONIC NO. 1 

VISUAL DISTANCE 


rill, DEG 

20.000 

15.000 

10.000 

7.000 

-120.00 

126.1 

140.4 

154.9 

162.1 

-90.00 

120.3 

135.9 

152.4 

161.2 

-75.00 

116.5 

132.8 

150.4 

160.3 

-60.00 

112.3 

129.2 

148.1 

159.2 

-45.00 

107.8 

125.4 

145.4 

157.7 

-30.00 

103.9 

121.8 

142.9 

156.2 

-15.00 

100.7 

119.2 

140.9 

154.9 

0.0 

99.9 

118.2 

140.2 

154.4 

15.00 

100.8 

119.2 

140.9 

154.9 

30.00 

103.8 

121.8 

142.9 

156.2 

45.00 

107.8 

125.3 

145.4 

157.7 

60.00 

112.3 

129.2 

1481 

159.2 

75.00 

116.6 

132.8 

150.4 

160.3 

90 . 00 

120.3 

135.9 

152.4 

161.2 

150.00 

129.3 

142.9 

156.2 

162.5 


4 . 000 

2.000 

0.0 

-2.000 

-5.000 

-10 . 000 

166.3 

166.6 

164.7 

161.2 

152.9 

134.1 

166.9 

167.7 

165.8 

161.7 

152.0 

130.3 

167.2 

168.4 

166.5 

162.0 

151.2 

127.7 

167.3 

169.2 

167.3 

162.3 

150.2 

124.7 

167.3 

169.9 

168.1 

162.5 

149.0 

121.4 

167.2 

170.5 

168.8 

162.6 

147.7 

118.3 

167.0 

170.9 

169.3 

162.7 

146.8 

116.0 

166.9 

171.1 

169.5 

162.7 

146.4 

115.1 

167.0 

170.9 

169.3 

162.7 

146.8 

116.0 

167.2 

170.5 

168.8 

162.6 

147.7 

118.3 

167.3 

169.9 

168.1 

162.5 

149.0 

121.4 

167.3 

169.2 

167.3 

162.3 

150.2 

124.7 

167.2 

168.4 

166.5 

162.0 

151.2 

127.7 

166.9 

167.7 

165.8 

161.7 

152.0 

130.3 

165.8 

165.8 

164.1 

160.8 

153.4 

136.2 


SPL ON THE FUSELACE FOR HARMONIC NO. 1 


VISUAL DISTANCE 


PHI, OEG 

20.000 

15.000 

10.000 

7.000 

4.000 

2.000 

0.0 

-2.000 

-5.000 

-10.000 

-120.00 

104.1 

117.6 

131.7 

139.3 

146.0 

150.3 

153.1 

153.1 

148.3 

132.5 

-90.00 

105.6 

121.5 

139.1 

149.4 

158.5 

162.5 

163.5 

161.3 

153.2 

133.2 

-75.00 

104.5 

121.7 

141.0 

152.8 

163.1 

167.1 

167.3 

164.1 

154.3 

131.8 

-60.00 

102.7 

120.6 

141.6 

154.9 

166.6 

170.6 

170.2 

166.0 

154.5 

129.8 

-45.00 

99.7 

118.5 

141.1 

155.8 

168.8 

173.0 

172.2 

167.0 

154.0 

126.9 

-30.00 

96.2 

115.8 

139.6 

155.6 

169.8 

174.5 

173.4 

167.5 

153.1 

124.3 

-15.00 

92.7 

112.8 

137.6 

154.6 

169.9 

175.1 

174.0 

167.7 

152.2 

121.9 

0.0 

90.0 

110.2 

135.5 

153.0 

169.2 

175.0 

174.1 

167.6 

151.7 

121.1 

15.00 

87.8 

108.3 

133.5 

151.1 

167.7 

173.8 

173.4 

167.3 

151.8 

121.3 

30.00 

85.7 

106.8 

131.8 

148.8 

165.2 

171.6 

171.8 

166.4 

152.0 

122.8 

45.00 

85.4 

105.9 

130.0 

146.1 

161.6 

168.2 

169.1 

164.7 

151.8 

124.3 

60 . 00 

64.0 

104.6 

127.9 

142.9 

157.0 

163.6 

165.3 

162.1 

151 . 0 

125.2 

75.00 

83.5 

103.3 

125.3 

138.9 

151.3 

157.9 

160.5 

158.6 

149.4 

126 . 7 

90 . 00 

81.7 

101 . 0 

121.9 

134.1 

144.8 

151.4 

155.0 

154.3 

147.0 

126.4 

150.00 

82.3 

87.8 

98.8 

109.1 

114.3 

120.6 

130.2 

154.6 

133.5 

112.5 


BOUNDARY LAYER AND FUSELAGE REFLECTION DB CORRECTION FOR HARMONIC NO. 


PHI, DEG 
- 120.00 
-90.00 
-75.00 
-60.00 
-45.00 
-30.00 
-15.00 


15.00 

30.00 

45.00 
faO . 00 

75.00 

90 . 00 

150 . 00 


VISUAL DISTANCE 


20 . 000 

15.000 

10.000 

7.000 

4.000 

2.000 

0.0 

-2.000 

-5.000 

-10.000 

-22.0 

-22.8 

-23.2 

-22.8 

-20.3 

-16.2 

-11.6 

-8.1 

-4.6 

-1.7 

-14.7 

-14.3 

-13.3 

-11.8 

-8.4 

-5.2 

-2.4 

-0.4 

1 .2 

2 . 9 

-12 . 0 

-11.1 

-9.5 

-7.5 

-4.0 

-1.3 

0.8 

2.1 

3.2 

4 . 1 

-9.6 

-8.6 

-6.5 

-4.2 

-0.8 

1.4 

2.9 

3.7 

4 .4 

5 . 1 

-8.2 

-6.8 

-4.4 

-1.9 

1.4 

3.1 

4.1 

4.6 

5 . 0 

5 . 6 

-7 . 6 

-6.0 

-5.3 

-0.5 

2.7 

4.0 

4.6 

4.9 

5.3 

6 . 0 

-8.0 

-6.4 

-3.3 

-0.3 

3.0 

4.2 

4.7 

5.0 

5.4 

6. 0 

-9.9 

-8.1 

-4.7 

-1.4 

2.4 

3.9 

4.5 

4.9 

5.4 

6 . 0 

-13.0 

-10.9 

-7.4 

-3.9 

0.7 

2.9 

4.0 

4.6 

5.0 

5 . 3 

-18.2 

-14.9 

-11.1 

-7.3 

-2.0 

1.1 

2.9 

3.8 

4.2 

4 . 5 

-22.4 

-19.4 

-15.4 

-11.5 

-5.7 

-1.7 

1.0 

2.2 

2.9 

2 . 9 

-28.3 

-24.6 

-20.1 

-16.3 

-10.3 

-5.6 

-2.0 

-0.1 

0.8 

0 . 5 

-33.0 

-29.5 

-25.2 

-21 .4 

-15.8 

-10.5 

-6.0 

-3.4 

-1.8 

-1.0 

-38.6 

-34.8 

-30.5 

-27.1 

-22.1 

-16.3 

-10.9 

-7.4 

-4.9 

-3.9 

-47.0 

-55.1 

-57.4 

-53.3 

-51.5 

-45.2 

-33.8 

-26.2 

-19.9 

-23 . 7 
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APPENDIX C - LIST OF SYMBOLS 


B = number of blades 

Bp = chord to diameter ratio 

A p , B n = unknown coefficients for boundary layer wave 

C n , B n = unknown coefficients for scattered wave 

C Q = ambient speed of sound 

E = Br-j-Vw 

G mn' Snn = source wave coefficients, see Eq. 17 
nj 1 ) = Hankel function 

= Bessel function of first kind 
k = u)/c 

o 

k r = radial wavenumber (Eq. 8) 

k Q = chordwise source wavenumber (Eq. 12) 

= ax ^ a l wavenumber (2 tt divided by wavelength in axial direction) 
m = harmonic of blade passing frequency 
M = Mach number of boundary layer flow 
M x = flight Mach number 

n = Fourier index for 4> variation 

M f = blade section relative Mach number 
p = acoustic pressure 

P = radial variation of pressure 

P n = unit solution of boundary layer equation 
r » r 2> r Q , r-j-, r^, r^ = radii, see Figure 4 
t = time 

t^ = thickness to chord ratio 
U = background velocity of boundary layer flow 

x = axial coordinate, fixed to aircraft, positive in direction of flow 
Y n = Bessel function of second kind 
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4> f $2 
*s = 


a = 

tb = 
v V 

o* = 
o* = 


radial coordinate in boundary layer, see Equation 20. 
radius ratio on propeller 
= angles, see Figure 4 
phase lag due to blade sweep 
ambient density 
radian frequency 
angular speed of propeller 

Fourier transform of chordwise thickness distribution 
9/3r 

complex conjugate 
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